Introduction {#S0001}
============

Diabetes mellitus is a public health problem worldwide affecting near half a billion people life, and it has been estimated that the number of people suffering from diabetes will reach 700 million by 2045.[@CIT0001],[@CIT0002]

Type 2 Diabetes Mellitus (T2DM) is a serious and one of the most prevalent metabolic disorders. T2DM is characterized by the inability to control blood glucose due to insulin resistance, inadequate insulin secretion, and excessive or inappropriate glucagon secretion. T2DM increases the risk of serious complications such as hyperglycemia, hypertension, dyslipidemia and obesity.[@CIT0003]--[@CIT0005] The liver contributes to blood glucose control, storage and utilization. It also provides glucose to both insulin insensitive and insulin-sensitive tissues; in other words, liver plays an important role in glucose homeostasis.[@CIT0006]

Phytotherapy is one way of protecting or preventing metabolic disease. The plants with phytotherapy capability are usually rich in Phytochemicals such as terpenoids (iridoids, mono- and sesquiterpenes, saponins), phenolic compounds (phenylpropanoids, flavonoids, catechins, rosmarinic acid, polyketides, tannins) and polysaccharides.[@CIT0007]--[@CIT0009]

Phytochemicals that stimulate glucose uptake in the liver might play an important role in the amelioration of diabetes. Discovery of the new hypoglycemic phytochemicals with few or no side effects is important to improve the quality of life for patients with T2DM.[@CIT0010]

Studies show that natural products, fruit bioactive and polyphenolic compounds could prevent and manage chronic metabolic conditions, such as metabolic syndrome, type 2 diabetes with little or no side-effects.[@CIT0011],[@CIT0012] So it seems that identification and evaluation of the medicinal plants with antioxidant and antidiabetic properties can be used to expand new therapeutic arsenal against diabetes disease.

Accordingly, some fruit and plant which contains polyphenolic compounds such as Rubus may be candidate as hypoglycemic agent.

*Rubus anatolicus* or Elm-leaf blackberry (Focke, ie, Focke ex Hausskn) is a perennial shrub, belonging to the Rosaceae family and Rosoiedeae subfamily with more than 740 species around the world, and are classified in 12 or 15 subgenera.[@CIT0013]--[@CIT0015] Eight shrub species of the Rubus have been recognized in forest and non-forest areas of Iran, which *R. anatolicus* is one of them. Western Asia, northwest of Himalaya, Kashmir, Chitral, Pakistan, Afghanistan, Turkmenistan, Caucasus and the Balkan Peninsula are the habitats of this plant.[@CIT0016],[@CIT0017]

*R. anatolicus* is a wild plant that grows in abundance in Golestan province, Northeast of Iran. *R. anatolicus* leaves and roots have many traditional uses. The leaves of this plant are used for treating certain health conditions such as diarrhea, bloody mucus, hematuria, diabetes, anemia, dysphonia, cutaneous conditions, and gynecological disorders, also it is used as a strong anti-inflammatory, antiseptic and against oral or ophthalmic infections.[@CIT0018]--[@CIT0020]

This plant contains antioxidants, anthocyanins, vitamins, minerals, folic acid, tannin flavonol, glycosides, and ellagitannins. The antioxidant effect of *R. anatolicus* leaves is due to high phenolic compounds, which have antioxidant and free radical scavenging activities.[@CIT0021]--[@CIT0024]

Free radicals and oxidative stress that results from overproduction of reactive oxygen species (ROS) are closely associated with a number of disease states such as hyperglycemia and metabolic disorders including diabetes mellitus.[@CIT0025] Therefore, it is reasonable that dietary antioxidants, especially polyphenolic compounds that present in wild plants can neutralize free radicals and oxidative stress.[@CIT0026],[@CIT0027]

As previous studies have reported, phenolic-enriched extracts from food or plant could regulate glucose balance in the body by regulating glucose hemostasis enzymes such as AMPK/Akt/GSK-3β.[@CIT0027]--[@CIT0029]

It also suggested that Blackberry phenolic compounds have the potential to control postprandial glucose levels by delaying glucose absorption, because this compound is effective in inhibiting alpha-amylase and alpha-glucosidase activities in vitro. These are the key enzymes that catalyze the final step in the digestive process of carbohydrates in mammals.[@CIT0030],[@CIT0031] In addition, some studies have shown that blackberry extract showed high stimulation of glucose uptake in the HepG2 cell line.[@CIT0025],[@CIT0032]

By considering this fact that medical plant contains phenolic compounds which can affect or regulate glucose homeostasis, we assess effects of Rubus Anatolicus leave extract on glucose metabolism in HepG2 (human liver hepatocellular carcinoma), CRI-D2 (an insulinoma cell line from rat) and C2C12 (Mus musculus myoblast) cell lines.

Materials and Methods {#S0002}
=====================

Chemicals and Reagents {#S0002-S2001}
----------------------

RPMI-1640 and Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), Trypsin-EDTA and MTT (2, 3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) were purchased from Bio-Idea Company (Tehran. Iran). BSA was purchased from Solarbio (Life Sciences). Penicillin--streptomycin was purchased from Gibco Life Technologies (Paisley, UK). Glucose oxidase was purchased from Pars Azmon Company (Tehran, Iran). The insulin radioimmunoassay kit was purchased from Mercodia. The protein assay reagent was obtained from Bio-Rad (Copenhagen, Denmark). The chemicals including sulfuric acid, ethanol, Na~2~So~4~, KOH, all were purchased from Merk (Germany).

Preparation of R. *anatolicus* Extract {#S0002-S2002}
--------------------------------------

*R. anatolicus* leaf was locally collected in Golestan province (North East of Iran), on September and October 2018 from various localities throughout Golestan province, and was rinsed with water and then were dried under the sunlight for 72 h. The dried leaf was ground to powder using an electric blender and then was sieved. The *R. anatolicus* leaf powder was kept in dark condition prior to extraction. For extraction, 20 g of the *R. anatolicus* leaf powder was added to 200 mL of methanol (80%) for 48 h on a shaker. The mixture was filtered and the extract was evaporated to dryness under reduced pressure at 40°C by a rotary evaporator, and then, the concentrated extract was dried in a freeze dryer.[@CIT0033],[@CIT0034] The *R. anatolicus* powder was dissolved in DMSO 4% and stored at −20°C until use.

### Cell Lines and Cell Culture {#S0002-S2002-S3001}

For testing the antidiabetic properties of the *R. anatolicus* extract, we used the HepG2 (human liver hepatocellular carcinoma), CRI-D2 (an insulinoma cell line originated from rat) and C2C12 (Mus musculus myoblast) cell lines that all were provided from Pasteur Institute of Iran. These cells were cultured in DMEM (for CRI-D2, C2C12) or RPMI-16 (for HepG2) supplemented with 10% fetal bovine serum, 100U/mL penicillin, 100 lg/mL streptomycin. All cell cultures were maintained at 37◦C in a humidified atmosphere of 5% CO2.

Cytotoxicity Tests {#S0002-S2003}
------------------

For the cell viability evaluation, HepG2, C2C12 and CRI-D2 cells were seeded at 1 × 10^4^ cells/mL in 96-well culture plates and incubated for 24 h at 37°C in a humidified atmosphere containing 5% CO~2~. *R. anatolicus* extract was added at 6.25--400 μg/mL and incubated for a further 24 h. MTT assay was also used as a cell viability test. MTT (working solution was 5 mg/mL in PBS) was added to the cells and incubated for 4 h at 37°C in a humidified atmosphere containing 5% CO2; cells were then solubilized in 100% DMSO for 5 min. The absorbance was measured using ChroMate^®^ micro-plate reader at 570 nm.

Glucose Consumption {#S0002-S2004}
-------------------

HepG2 cell line was grown in RPMI 1640; CRI-D2 and C2C12 were grown in DMEM/F12, containing 10% fetal bovine serum. The glucose consumption assay was performed according to Liu et al36. Briefly; cells were seeded in 96-well plates with eight wells left as blanks. After cell lines reached about 80% to 90% confluence, cells were washed twice with PBS. The mediums were replaced by DMEM/RPMI 1640 supplemented with 0.2% BSA and *R. anatolicus* extract at various concentrations (400, 200, 100, 50, 25, 12.5, 6.2 µg/mL) and DMSO was the solvent control. Finally, after 24 h, the medium was removed and its glucose concentrations were determined by the glucose oxidase method. The amount of cell glucose consumption (GC) was calculated from the glucose concentrations of the cell containing wells subtracted from the cell-free blank wells. Briefly, 10 µL of the medium in every well was mixed with 1000 µL glucose oxidase/peroxidase reagent from the kit. After being reacted for 10 min at 37◦c, the absorbance of the mixture was measured at 546 nm by the Jenway 6105 UV/VIS spectrophotometer.

Insulin Release {#S0002-S2005}
---------------

The CRI-D2 cells were seeded at a density of 106 cells/well in a 6-well plate in DMEM supplemented with 10% fetal bovine serum (FBS). On day 3 or 4, the medium was replaced with the new one containing *R. anatolicus* extract at various concentrations (400, 200, 100, 50 and 25µg/mL) and DMSO as solvent control. After 24-h incubation, the medium was collected and the insulin concentrations were determined by Mercodia Rat Insulin ELISA radioimmunoassay (Mercodia AB, Sweden), a solid two-phase immunoassay. It is based on direct sandwich technique, in which two monoclonal antibodies are directed against separate antigenic determinants on the insulin molecule. All the insulin secretion primary outcomes were normalized to total cell protein content by the Bradford reagent. The value obtained was indicated as µg of insulin per milligram of protein.

Glycogen Measurement {#S0002-S2006}
--------------------

HepG2 and C2C12 cells were cultured in 6-well plate (5×10^3^ and 3 × 10^5^ cells/mL, respectively), When cells reached confluence, the mediums were replaced by DMEM/RPMI 1640 supplemented with *R. anatolicus* extract at various concentrations (200, 100, 50, 25 µg/mL and DMSO as solvent control). After 24-h incubation, cells harvested for glycogen and total protein measurement. In order to prevent spontaneous glycogenolysis, the cells were thawed at the moment of glycogen extraction. Glycogen was extracted from the cells and measured according to M. Rousset et al method.[@CIT0035] The relative levels of glycogen content of HepG2 and C2C12 cells were normalized to the protein content by the Bradford reagent. The value obtained was indicated as µg of glycogen per milligram of protein.

Statistical Analysis {#S0002-S2007}
--------------------

Statistical ‎analysis was performed via GraphPad Prism 6 software (GraphPad Software, Inc., La Jolla, CA). One-way analysis of variance (ANOVA) was performed to determine the significant differences between study groups. Significant differences are shown as \*p\<0.05, \*\*p\<0.01, ‎\*‎\*‎\*p\<0.001 and ‎‎\*‎\*‎\*‎\*p\<0.0001.

Results {#S0003}
=======

Cell Viability Test MTT Assay {#S0003-S2001}
-----------------------------

To determine the cytotoxicity of *R. anatolicus* extract at various concentrations, HepG2,CRI-D2 and C2C12 cells were incubated with different concentrations of *R. anatolicus* leaf extract (from 0 to 400 μg/mL) for 24 h. MTT assay was performed to test for cell viability. As it is shown in [Figure 1](#F0001){ref-type="fig"}, the leaf extract of *R. anatolicus* at all concentrations from 0 to 400 μg/mL not only had a cytotoxic effect on cell viability but also increased cell growth as compared to control (0.1% DMSO). For the next analysis, *R. anatolicus* extract at concentrations of 200 to 6.25 μg/mL was selected for glucose consumption assays.Figure 1Effects of increasing concentrations of *R. anatolicus* extract on HepG2, CRI-D2 and C2C12 cell lines (6.25--400 mg/mL and control). MTT OD was measured after 24-h incubation with different concentrations of *R. anatolicus* extract.

Effects of *R*.*anatolicus* Extract on Glucose Consumption and Glycogen Content in HepG2 and C2C12 Cell Lines {#S0003-S2002}
-------------------------------------------------------------------------------------------------------------

In the present study, *R. anatolicus* leaf extract was investigated for its role in the stimulation of glucose uptake in mice skeletal muscle cells (C2C12) and human hepatic cell (Hep G2). The extracellular glucose concentrations of HepG2 and C2C12 cell lines were measured after 24 h treating with 400, 200, 100, 50, 25, 12.5, 6.25 µg/mL of *R. anatolicus* leaf extract and 0.1% DMSO as control ([Figure 2](#F0002){ref-type="fig"}). As illustrated in [Figure 2A](#F0002){ref-type="fig"} and [C](#F0002){ref-type="fig"}, *R. anatolicus* extract exhibited a significant effect on glucose consumption in two cell lines. In order to understand the reason for the extracellular glucose consumption in HepG2 and C2C12 cells, we measured the glycogen content of these cells after *R. anatolicus* extract treatment. In relation to the control, the glycogen content in Hep-G2 cells was significantly increased for the 200, 100, 50 and 25 μg/mL ([Figure 2B](#F0002){ref-type="fig"}). In C2C12 cells, we saw a significant increase in glycogen content just for 200 μg/mL, and 100 μg/mL had no effect on C2C12 cell glycogen content. On the other hand, the glycogen content was significantly decreased for the 50 and 25 μg/mL ([Figure 2D](#F0002){ref-type="fig"}).Figure 2Effect of *R. anatolicus* extract on extracellular glucose consumption and cellular Glycogen content. (**A**) and (**B**) show the Effects of *R. anatolicus* extract on glucose consumption and glycogen content in HepG2 cells, respectively. And Figure 2C and 2D show the effects of *R. anatolicus* extract on glucose consumption and glycogen content in C2C12 cells, respectively. GCs were measured after 24-h incubation with 400--6.25 µg/mL *R. anatolicus* extract or control and glycogen content were measured after 24-h incubation with 200--25 µg/mL *R. anatolicus* extract or control Data are means ± SEM. \*\*p\<0.01, ‎\*‎\*‎\*p\<0.001 and ‎‎\*‎\*‎\*‎\*p\<0.0001.

Effects of *R*.*anatolicus* Extract on Glucose Consumption and Insulin Secretion in CRI-D2 Cells {#S0003-S2003}
------------------------------------------------------------------------------------------------

In the present study, we also investigated the effect of the *R. anatolicus* extract on glucose consumption and insulin secretion in the CRI-D2 cell line. The extracellular glucose concentrations of CRI-D2 cells were measured after 24 h treating with 400, 200, 100, 50, 25, 12.5 and 6.25 µg/mL of *R. anatolicus* extract and 0.1% DMSO as control ([Figure 3A](#F0003){ref-type="fig"}). As it is shown in [Figure 3A](#F0003){ref-type="fig"}, all concentrations of *R. anatolicus* extract (except 12.5 µg/mL) showed a significant effect on glucose consumption in the CRI-D2 cell. In order to understand the reason for extracellular glucose consumption in the CRI-D2 cell line, the level of insulin secretion from these cells was measured 24 h after *R. anatolicus* extract treatment ([Figure 3B](#F0003){ref-type="fig"}). As shown in 3B, among the different concentrations of *R. anatolicus* extract (200, 100, 50, 25 µg/mL), the maximum insulin secretion was observed in 200, 50 and 25 μg/mL, respectively. But insulin secretion was not significantly increased in 400 and 100 μg/mL.Figure 3Effect of *R. anatolicus* extract on glucose consumption and insulin secretion in CRI-D2 cells. GC (**A**) and insulin secretion (**B**) were measured after 24-h incubation with 400--6.25 µg/mL *R. anatolicus* extract or control. Data are means ± SEM. p\<0.05, p\<0.01, ‎\*‎\*‎\*p\<0.001 and ‎‎\*‎\*‎\*‎\*p\<0.0001.

Discussion {#S0004}
==========

It has been reported that phytochemicals such as phenolic compounds attracted attention for developing new antidiabetic drugs. By considering this fact that phytochemicals (esp. polyphenols and flavonoid) have antidiabetic potential, so identifying and evaluating medicinal plants by antioxidant and antidiabetic properties can be used for expanding new therapeutic against diabetes disease.

As Rubus species contain polyphenolic compounds,[@CIT0022],[@CIT0024] in this study we investigate the effect of R.anatolicus leaf extract on glucose metabolism.

Our results demonstrated *R. anatolicus* leaf extract stimulates glucose consumption in HepG2, C2C12 and CRI-D2 cell lines ([Figure 2A](#F0002){ref-type="fig"}, [2C](#F0002){ref-type="fig"} and [3A](#F0003){ref-type="fig"}), with the maximum effect in C2C12 cells. This indicates that *R. anatolicus* extract stimulates glucose uptake and utilization in studied cells from different origins of muscle, hepatic and pancreatic tissues.

One of the possible mechanisms for enhanced glucose consumption by the cells in the presence of *R. anatolicus* extract could be the high content of phenolic compounds (such as phenolic acids, flavonols, flavanols, anthocyanins, proanthocyanidins and ellagitannins) in this plant. High concentrations of phenolic content resulted in increased uptake and consumption of glucose by the cells[@CIT0032],[@CIT0036] It has been shown that high phenolic component in *R. anatolicus* could promote AMPK and Akt phosphorylation. Activated AMPK (p-AMPK) via an insulin-independent mechanism, regulate glucose uptake in cells[@CIT0037],[@CIT0038] and suppress the hepatic glucose production by PEPCK and G6Pase modulation.[@CIT0039] Furthermore, AKT suppresses gluconeogenesis in the hepatocyte by deactivating the expression of phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase).[@CIT0040]

Flavonoid is another phenolic compound in this plant which can regulate glucose level in cells mainly by increasing GLUT-2 expression in pancreatic β cells and flavonoid also can upregulate and promote translocation of GLUT-4 via PI3K/AKT, CAP/Cb1/TC10 and AMPK pathways.[@CIT0041]

As it is shown in [Figure 2B](#F0002){ref-type="fig"}, in HepG2 cells by increasing in *R. anatolicus* extract concentration, glycogen content approximately increased when compared to the control. We assumed that an increase in glucose consumption could lead to an increase in glycogen synthesis. As *R. anatolicus* extract enhanced glucose uptake and glycogen synthesis in HepG2 and C2C12 cell, it seems that *R*. *anatolicus* extract may display insulin-like effects in muscle and liver cells.

Some study illustrates that anthocyanins can stimulate the glucose uptake in the liver and skeletal muscle cells by stimulating AMP-activated protein kinase (AMPK).[@CIT0042],[@CIT0043] AMPK upregulates glucose transporter 4 (GLUT 4) in skeletal muscle, suppresses glucose production and increases glycogenesis.[@CIT0044] In addition to the effect of *R. anatolicus* extract on glucose uptake and glycogenesis in HepG2, C2C12 cells, our result shows this extract stimulates insulin secretion in pancreatic cells (CRI-D2 cell). As shown in [Figure 3B](#F0003){ref-type="fig"}, *R. anatolicus* extract (esp. 200, 100, 50, 25 µg/mL), significantly increased insulin secretion in CRI-D2 cell, it seems that *R. anatolicus* extract by stimulating glucose uptake in the pancreatic cell (CRI-D2) causes insulin secretion. As a previous study showed, when glucose enters the pancreatic β- cells by GLUT, this glucose, through glycolysis and the Krebs cycle, produces ATP. Elevation of cytoplasmic ATP or ATP/ADP ratio causes closing ATP-sensitive K+ channels, membrane depolarization and opening L-type voltage-dependent Ca2+ channels. The increase in cytosolic free Ca2+ concentration increases the rate of insulin exocytosis.[@CIT0045],[@CIT0046] In a study that was conducted by Jouad et.al, they assay the hypoglycemic effect of Rubus fructicosis L (RFL) in normal and streptozotocin-induced diabetic rats. They did not see any significant changes in plasma insulin concentrations after treatment with the aqueous extract of RFL both in normal and diabetic rats. So they declared that RFL decreases blood glucose levels independent of elevation of insulin secretion, at least for the doses used in their study.[@CIT0047] Furthermore, some research reported that consumption of fruit and vegetable rich in antioxidant, polyphenol and anthocyanins (such as berries, tea) decreased the incidence of type 2 diabetes.[@CIT0028]

In Martin de Bock study, their results show that olive leaf polyphenols improved insulin secretion in individuals who received this extract.[@CIT0048] As previously mentioned, Rubus species contain polyphenolic compounds; such as anthocyanins. It has been shown that other phenolic compounds including anthocyanins and anthocyanidins induced insulin secretion from pancreatic β-cells (INS-1832/13 cell).[@CIT0049] One of the reasons that we can categorize *R. anatolicus* as an antidiabetic herbal remedy is because of its effect on insulin secretion.

Conclusion {#S0005}
==========

In this study, the effects of *R. anatolicus* leaf extract on glucose, insulin and glycogen levels in different cell lines were evaluated. The results showed that the extract of *R. anatolicus* leaf in liver, muscle and pancreas cells increased cellular glucose uptake leading to an elevated level of stored glycogen in muscle and liver cells and higher insulin secretion in the pancreas cell line. Our finding suggests that *R. anatolicus* leaf extract could be a potential candidate phytochemical in diabetes mellitus treatment and protection.
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